During the discovery and description of seven New Zealand methane seep sites, an infaunal assemblage dominated by ampharetid polychaetes was found in association with high seabed methane emission. This ampharetid-bed assemblage had a mean density of 57,000 6 7800 macrofaunal individuals m 22 and a maximum wet biomass of 274 g m 22 , both being among the greatest recorded from deep-sea methane seeps. We investigated these questions: Does the species assemblage present within these ampharetid beds form a distinct seep community on the New Zealand margin? and What type of chemoautotrophic microbes fuel this heterotrophic community? Unlike the other macro-infaunal assemblages, the ampharetid-bed assemblage composition was homogeneous, independent of location. Based on a mixing model of species-specific mass and isotopic composition, combined with published respiration measurements, we estimated that this community consumes 29-90 mmol C m 22 d 21 of methane-fueled biomass; this is . 290 times the carbon fixed by anaerobic methane oxidizers in these ampharetid beds. A fatty acid biomarker approach supported the finding that this community, unlike those previously known, consumes primarily aerobic methanotrophic bacteria. Due to the novel microbial fueling and high methane flux rates, New Zealand's ampharetid beds provide a model system to study the influence of metazoan grazing on microbially mediated biogeochemical cycles, including those that involve greenhouse gas emissions.
Bacteria and Archaea provide a key ecosystem service by mitigating the release of the greenhouse gas methane (Sommer et al. 2006; Reeburg 2007) . At deep-sea cold seeps, this service leads to methane-fueled chemosynthetic production and supports unique metazoan communities, adding to the biodiversity of continental margins ). Yet our understanding of the interplay among metazoan fauna, microbial population structure, and the biogeochemical processes that the microbes facilitate is still in its infancy. Although recent advances have identified how symbiont-bearing fauna affect the sediment-microbial community (Dattagupta et al. 2008) , the effects of heterotrophic fauna and ''top-down forcing'' on seep microbial communities remains largely unknown. Recently, an unusual seep assemblage with abundant ampharetid polychaetes was discovered at the Hikurangi Margin off New Zealand (N.Z.; Baco et al. 2010; Sommer et al. 2010) . Initial studies found methane-derived carbon to fuel this infaunal assemblage, providing a pertinent system to study how metazoan food webs interact with microbial communities and production . We build upon the initial reports to assess whether this assemblage forms a distinct seep community, characterize its density and composition, and identify what microbial processes fuel this infaunal community.
Sedimented cold seeps consist of a mosaic of distinct habitats commonly identified by a dominant faunal group. These habitats include microbial mats, vesicomyid clam beds, frenulate fields, mussel beds, and vestimentiferan bushes; each differs in geochemistry as well as microbial and metazoan community composition (Levin 2005; Bernardino et al. 2012) . Microbial mats are fueled by the greatest flux of methane (up to 100 mmol m 22 d 21 ; Tryon and Brown 2001; Levin et al. 2003; Sommer et al. 2010) , whereas clam beds have comparatively reduced and/or oscillating fluid flow (0.2-1.1 mmol m 22 d 21 ; Tryon and Brown 2001; Levin et al. 2003; Sommer et al. 2006 ) and frenulate fields have even lower methane flux rates (, 0.7 mmol m 22 d 21 ; Sommer et al. 2009 ). Mud volcanoes, a habitat similar to methane seeps, can have higher flux than seeps, well over 100 mmol m 22 d 21 (Reeburg 2007) and also include many of the same habitats including frenulate fields (Niemann et al. 2006) ; however, mud volcanoes have different surface manifestations and traditionally have been treated separately from seeps (Reeburg 2007) . Comparable data do not exist for vestimentiferan bushes or mussel beds at seeps. Methane is respired initially through a syntrophic partnership between anaerobic methane-oxidizing Archaea and sulfate-reducing bacteria (reviewed in Knittel and Boetius 2009) , resulting in hydrogen sulfide production (Reeburg 2007; Knittel and Boetius 2009 ). This sulfide can be aerobically oxidized by a variety of bacteria, including large sheath-forming bacteria of the genera Beggiatoa or Thioploca, whose appearance gives microbial mats their name. Methane that is not consumed anaerobically is respired aerobically by both free-living and symbiotic bacteria or released into the hydro-or atmosphere. Together with the anaerobic methane oxidizers, aerobic methane-oxidizing bacteria mitigate the majority of methane release (Murase and Frenzel 2007; Reeburg 2007; Ding and Valentine 2008) by forming the ''benthic sediment filter'' (Sommer et al. 2006) . Although both aerobic and anaerobic processes remove methane, the dominant sink for methane from deep-sea methane seeps sediment is thought to be anaerobic (Reeburg 2007; Knittel and Boetius 2009) .
In addition to distinct chemical environments, seep habitats support specialized heterotrophic metazoan assemblages composed of species that can tolerate the associated productive but physiologically stressful conditions. Microbial mats are fueled by millimole levels of sulfide, a compound that is toxic to many eukaryotic taxa (Somero et al. 1989 ). This toxicity leads to communities dominated by those fauna that can tolerate such chemical stress, including dorvilleid, capitellid, and ampharetid polychaetes, and vesicomyid bivalves (Sahling et al. 2002; Levin et al. 2003 Levin et al. , 2013 . The reduced chemical stress in clam beds, partially ameliorated by the bioirrigation of vesicomyid bivalves, allows species that are not as tolerant of sulfide to inhabit these communities and penetrate deeper into the sediment; here species from the background community overlap with seep specialists (Levin et al. 2003 . Thus, macrofaunal species composition and vertical distribution within the sediment reflect the biogeochemical, fluid flow, and microbial environment (Sahling et al. 2002; Levin 2005; Menot et al. 2010) . As these communities consume the diverse microbes within the sediment, knowledge of which prokaryotes fuel the heterotrophic metazoan community provides insight into the dominant forms of chemical cycling within seep sediments.
The main technique that has been used to identify the type of chemosynthesis-based energy consumed by these communities is stable isotopic analysis (Van Dover et al. 2007) , although fatty acid (FA) analysis can provide additional information as to the diet of different species (Dalsgaard et al. 2003) . Due to enzymatic preferential incorporation of 12 C over 13 C, both metabolic substrate and fixation pathways impart a distinctive, although sometimes overlapping, carbon isotopic signature. When organic matter is ingested and assimilated, its signature is retained in consumer tissues with minimal trophic enrichment of 13 C, resulting in a biomarker that can resolve dietary sources. This technique has been successfully used to identify metazoan use of chemosynthetic production (Eller et al. 2005; Deines et al. 2007 ). Yet the relative importance of specific metabolic substrates is difficult to resolve since in many cases an intermediate value can either be indicative of a mixed diet of two sources or a third source entirely. FA signatures offer an alternative technique for studying food web linkages (Dalsgaard et al. 2003) . As constituents of bacterial and eukaryotic lipids, FAs have characteristic branching and distribution of double bonds that loosely follow taxonomic lineages within producers. FA profiles of consumers reflect a combination of items incorporated directly from their diets and those synthesized by the consumer along known pathways. Importance of bacterial production or recycling has been demonstrated through FA analysis, and this technique has begun to be employed more extensively to identify the heterotrophic interactions at methane seep ecosystems (MacAvoy et al. 2003; Van Gaever et al. 2009; Thurber et al. 2012) .
Multiple sites of methane seepage were recently discovered along the N.Z. margin (Baco et al. 2010; Greinert et al. 2010 ), but microbial mats were conspicuously absent. Instead, ampharetid polychaetes were found in abundance in areas of the most intense seepage (Baco et al. 2010; Sommer et al. 2010; see Barnes et al. 2010 for a treatment of the underlying geology of these sites). The ampharetids themselves belonged to two distinct and novel genera, contained functional guts, and were observed to surfacedeposit feed. They did not appear to have any symbionts . In these ampharetid beds, local methane flux was more than double that previously observed in any other seep habitat , excluding mud volcanoes. Metazoans present in the ampharetid beds gained between 6% and 100% of their energy from methane-derived carbon, based on stable isotope analyses Dale et al. 2010 ). This observation, combined with the high rate of methane flux, suggested that the ampharetid beds may be a distinct community with respect to both nutritional source and metazoan composition. In this study we describe the faunal composition of the macroinvertebrate assemblage within the seep habitat and couple FA analysis to an isotopic, mass-based model to answer the questions:
(1) Does the species assemblage present within these ampharetid beds form a distinct seep community on the N.Z. margin? (2) Which microbial processes provide nutrition for the heterotrophic species in the ampharetid-bed communities? (3) What is the rate of microbial methane oxidation required to fuel the ampharetid-bed communities?
In light of these questions, we also consider how this seep assemblage compares globally to known seep assemblages in terms of infaunal density, biomass, and methane flux.
Methods
Sample collection and processing-Methane seep sediments were sampled aboard R/V Tangaroa (cruise TAN 0616; 05-18 November 2006) and R/V Sonne (cruise SO 191-3; 22 February-14 March 2007) along New Zealand's North Island ( Fig. 1; Table 1 ). Together seven sites at three different locations were sampled by a total of eight ''blind'' and 14 video-guided multicorer deployments between 662 m and 1172 m water depth. These samples were used to quantify assemblage structure and similarity and faunal formalin for quantitative community analysis. The top 5 cm were vertically fractioned into 0-1, 1-2, 2-3, and 3-5 cm layers and preserved unsieved. Three remaining sediment fractions, 5-7, 7-10, and 10-20 cm, were sieved on a 300 mm mesh prior to preservation. After return to the laboratory, all sediment sections were sieved on a 300 mm sieve, and the fauna was identified to the lowest possible taxon and counted separately for each depth layer. All multicorer deployments were made in as close proximity as possible to methane seeps, except at Sta. 260 where cores were collected away from seepage activity to provide a reference station.
Additional tubes from each of those multicorer deployments, as well as samples from multicorer deployments that did not yield quantitative samples, were sieved on a 300 mm sieve and sorted live at sea; animals found in these were used for stable isotopic and FA analysis. FA composition was analyzed for 69 individuals taken from 11 multicorer deployments at seven sites (Table 1) . Six of these multicorer deployments and 49 of the individuals analyzed for FA were from ampharetid beds. A total of 323 individuals were analyzed for stable isotopic composition with 170 of those individuals from ampharetid beds. Individuals for FA and stable isotopic analyses were placed in 25 mm filtered seawater overnight to allow gut evacuation. They were then placed in preweighed tin boats for stable isotopic analysis or cryovials for FA analysis before being frozen at 220uC or 280uC, respectively. Treatment of stable isotopic samples is described in Thurber et al. (2010) , and samples were analyzed on either a Eurovector elemental analyzer interfaced with a continuous flow Micromass Isoprime isotope ratio mass spectrometer at Washington State University or with a Thermo Finnigan Delta XP Plus with a Costech 4010 Elemental Analyzer at the Scripps Institution of Oceanography analytical facility. All isotope samples were run without lipid extractions and were acidified using 1 mol L 21 HCl and 10% PtCl 2 acid. Isotope ratios are expressed as d 13 C in units of per mill (%) in reference to the standard Pee Dee Belemnite. Samples for FA extraction were placed in muffle-furnaced, washed, and pre-extracted glass vials, frozen, and then extracted following the one-step extraction-saponification method of Lewis et al. (2000) as specified in Thurber et al. (2012) . Blanks were run concurrently with all samples, and solvents used were American Chemical Society grade or better. Due to the small biomass of all samples, gas chromatographymass spectrometry was used to measure FA composition due to its high sensitivity. Use of this procedure means that whereas comparisons of relative FA composition within this study are valid, they cannot be directly, quantitatively compared to FA composition in other studies. Standards run throughout the analysis had no shift in the magnitude of relative peak height or area, indicating the validity of this approach. Peaks were identified using a combination of dimethyl-disulfide adduct formation, comparison to known standards (Supelco 37 Component Fatty Acid Methyl Ester mix and Supelco Bacterial Acid Methyl Ester mix, SigmaAldrich), and mass spectra. Analysis of peak area was performed using Xcaliber software (Thermo Scientific) based on total spectra and manually checked to confirm accurate peak extent.
Data analysis-Assemblage structure and FA composition of individuals underwent multivariate analysis to identify differences among assemblages or diet differences among individuals. To best characterize the fauna of a given site, the mean macrofaunal community structure of three multicorer tubes from within each deployment was taken in 13 of the 18 deployments. These sample data were analyzed using statistical routines in the multivariate software package Primer-E version 6 (Clarke and Gorley 2006). Bray-Curtis similarity was used to compare samples after square root transformation of abundance data (made to reduce the influence of the highly abundant taxa), and a group average hierarchical clustering routine (CLUSTER) and similarity profile (SIMPROF) permutation tests were used to identify sample groupings. The advantage of the SIMPROF test is that it looks for statistically significant (level set at p 5 1%) evidence of genuine clusters of samples (i.e., communities) rather than using an arbitrary cutoff of similarity to define sample groups (Clarke et al. 2008) . A multidimensional scaling (MDS) ordination plot was used to visualize the similarity relationship among samples and groups. The strength of the identified groups was evaluated using analysis of similarity (ANOSIM), and the taxa that characterized and discriminated these groupings were identified using similarity percentage (SIMPER) analysis. We report the taxa that contributed at least 10% to the similarity or dissimilarity of the groupings.
To identify the microbial food sources consumed by N.Z. species, individuals with similar diets, based on their FA distribution, were grouped using an alternate multidimensional approach. We based our analysis on individuals rather than the means within cores as different species provide a different level of de novo synthesis (Kelly and Scheibling 2012) and individuals within cores can have very different trophic histories due to vertical position within the core, their trophic guild, or recruitment history (tissues of recent recruits may not reflect a seep-based diet). Therefore, either taking the mean of a species within a single core or the mean of all fauna from the entire core can skew the interpretation of the overall food sources, and variance thereof, consumed within a seep. By using the techniques described here, we gain a more complete understanding of the diversity and variance of trophic fueling at the seep. The FA composition of individuals were log(x + 1) transformed (to increase the homogeneity of variance within each FA distribution) and compared, also using Bray-Curtis similarity. The CLUSTER routine was used to identify groups by systematically and iteratively varying the similarity cutoff until we found a percent similarity that had a significantly greater variance among groups than within groups as identified by an ANOSIM analysis (a 5 0.05). Using this iterative-ANOSIM-similarity approach, we found that a 59% similarity cutoff resulted in statistically different groups within the FA data set. An MDS ordination plot was used to visualize the similarity relationship among individuals and groups of individuals. The FAs that characterized and discriminated these groups were identified using SIMPER; again, we report on the four FAs that contribute most (. 10% similarity or dissimilarity) to forming these patterns. An analysis of variance (ANOVA) was employed to test whether the individuals (or co-occurring individuals of the same species) belonging to the groups identified by the iterative-ANOSIM-similarity FA analysis, had d 13 C signatures that were also more similar within rather than among the groups identified by the FA profile. A Tukey post hoc test identified pair-wise differences, and homogeneity of variance was tested graphically.
For two cores, species-specific biomass was measured to allow estimates of the rate of microbial methane oxidation required to fuel the ampharetid-bed communities. These cores, collected from Sta. 196 and Sta. 261, were chosen based on availability of species-specific isotopic data. Since we measured only two cores, and they were among the most dense assemblages sampled, these results should be treated as maximum values for the ampharetid-bed communities rather than characteristic of all ampharetid beds sampled. To measure biomass, formalin-fixed samples were sorted to putative species, placed on preweighed Nitex screen, and blotted to remove excess water before being weighed. For small samples, triplicate measurements were made with rewetting in-between; this leads to reproducible results. Putative species were identified at sea for samples destined for isotope analyses. Resulting data allowed application of a two-source mixing model to estimate the amount of methane-derived carbon used by the ampharetid-bed assemblage. For those species lacking isotope data, the mean of all individuals within the same core was used; however, this was only necessary for 12% and 2% of the species (by biomass) present within cores 261 and 196, respectively. To identify the relative input of methane to the food web, we employed the two-source mixing model of Fry and Sherr (1984) as employed in Thurber et al. (2010) using the equation
, where F m is the percent animal biomass derived from methane, d I is the isotopic composition of the animals (I 5 infauna), d S1 , where S1 equals Source 1, is the upper bound of the mixing model which was either the composition of sulfideoxidizing bacteria (d 13 C 5 234% or 228%) or particulate organic carbon from this location, and d CH 4 is the isotopic composition of methane with both extreme values measured at this location used (d 13 C CH 4 5 265% or 260%). By changing the endpoints of the mixing model to encompass the widest possible estimates, we can estimate the maximum and minimum values of methane-derived carbon consumed by an individual (but see Thurber et al. 2010 for a more in-depth description of biases of mixingmodel approaches). We used the respiration rate of ampharetid polychaetes as a proxy for whole assemblage respiration rate (0.29 mmol O 2 g 21 min 21 , mass in wet weight as measured by Sommer et al. 2010 ) as they comprised 83% and 62% of the community biomass at Sta. 196 and Sta. 261, respectively. Respiration was converted to carbon utilization using a 0.85 respiratory quotient (Smith 1987 ). This daily carbon utilization was combined with the species-specific estimate of methanederived carbon, to model the amount of methane-derived microbial carbon consumed by the ampharetid-bed assemblage on a per-meter and daily bases. By assuming 100% trophic efficiency and applying no carbon trophic fractionation, we have made our estimate of carbon consumed a highly conservative, minimum value.
Results
Assemblage structure-A total of 10,406 individuals were collected from 18 multicorer deployments at seven sites (Table 1) . We used the macrofaunal community structure from those multicorer deployments to test if the ampharetid-bed fauna formed a distinct seep community that was homogeneous in composition independent of location. The SIMPROF analysis resulted in three strongly distinct sample groupings and two samples that were grouped individually (A c -E c ; Global ANOSIM R 5 0.912; Fig. 2 ). Within these groupings, Group A c was most dissimilar to Groups C c and D c , respectively, and was always . 55% dissimilar from the remaining groups (SIMPER, Table 2 ). The main faunal component that separated Group A c from the remaining groups was the abundance of ampharetid polychaetes (SIMPER, Table 2 ). All of Group A c samples had ampharetid densities . 18,000 individuals m 22 (Table 3) . Samples from Groups B c , C c , and E c had , 170 ampharetids m 22 . Group D c (Sta. 242) had an ampharetid density of 2844 m 22 . With the exception of Group A c , samples from similar locations grouped with each other (Fig. 2) . Group E c samples were all from the Opouawe Bank and Group C c came from Omakere Ridge. In contrast, Group A c formed a distinct cluster that included samples from Kaka, LM-3, Takahe, Bear's Paw, and North Tower. We thus conclude here, for ease of further reporting, that Group A c , the ampharetid beds, are a distinct community among those habitats we sampled on the N.Z. margin.
The ampharetid-bed communities were dominated by two undescribed species, each belonging to a different and novel genus, of the polychaete family Ampharetidae. Mean ampharetid-bed macrofaunal density was 57,000 individuals m 22 with the ampharetids making up an average of 25,000 individuals m 22 (Table 3) . Both of the ampharetid species were present in all of the ampharetid-bed samples with one of the species making up 72% of the Ampharetidae and the other 22%; the remaining 6% could not be identified to the species level. In the macrofaunal sample with the highest density, the infaunal community reached 82,000 individuals m 22 , where 33,000 of those individuals were ampharetids. The second two most abundant polychaete families within this community were Dorvilleidae and Spionidae, which had mean densities of 6000 individuals m 22 and 2000 individuals m 22 , respectively. Cumaceans and a variety of species of gammarid amphipods were more abundant than either of these two polychaete taxa, Table 2 . Table 2 . SIMPER results indicating which macrofaunal taxa characterized or discriminated the groupings identified in Fig. 2 . Total percent similarity or dissimilarity between groups is given in bold. Values indicate the contribution of the indicated fauna to the similarity or dissimilarity of the group. Visualizations of the groupings are displayed in Fig. 2 with mean densities of 9200 and 9500 individuals m 22 , respectively. Together these five taxa made up 90% of the individuals within the ampharetid-bed community. The ampharetids formed tubes that extended . 10 cm into the sediment, but 92% of the individuals sampled were found in the top 5 cm of sediment (Fig. 3) . The majority of the community was composed of surface-deposit feeders, including the ampharetids themselves. Sixty percent of the community was collected in the 0-1 cm fraction. Yet, ampharetids, as well as cumaceans and gammarid amphipods, were also found deep in the sediment; in the case of the ampharetids, 0.4% of individuals were found deeper than 10 cm. At the surface, the dorvilleids were not as abundant as either the gammarid amphipods or cumaceans but surpassed all but the ampharetids in density in the deeper layers; they were the second most abundant taxon between 1 and 5 cm depth (Fig. 3) . Spionids were relatively evenly distributed throughout the sediment column and were not limited to the surface.
Group D c had the second highest total assemblage and ampharetid density (Table 3 ). The density of Group D c was 39,000 individuals m 22 including a high abundance of dorvilleid and paraonid polychaetes.
Groups B c , C c , and E c were characterized by less dense assemblages. Group E c had the third highest density, with a mean of 25,000 individuals m 22 and was mostly made up of spionid polychaetes and gammarid amphipods, with far reduced ampharetid and dorvilleid densities compared to Group A c (Tables 2, 3 ). Groups B c and C c had the lowest macrofaunal density, between 4700 and 7200 individuals m 22 , and differed from each other due to higher abundance of oweniid polychaetes and small sponges in Group B c and tanaids in Group C c (Table 2) Table 4 ). The main difference between Group Y FA and the remaining groups were the phytoplanktonic biomarkers 22:6(n-3) and 20:5(n-3). Group Y FA was the most distinct (Fig. 4) , although the two-dimensional (2D) ordination (stress 5 0.21) was not a particularly good representation of the groupings (stress values , 0.2 are considered to be good representations of the multidimensional data in two dimensions; Clark and Warwick 2001). Groups W FA and Z FA were separated by 16:0 and 18:0 FAs, neither of which are necessarily dietary derived, although 16:1(n-7) and 18:1(n-7) helped characterize and discriminate both of these groups. The aerobic methanotrophic biomarker 16:1(n-8) contributed to the greatest dissimilarity between Group X FA and Groups W FA and Z FA (Table 4) .
The FA-distinct groupings also had carbon isotopic signatures that were significantly different from each other in all but two of the pair-wise comparisons (ANOVA F 3,65 5 9.86; p , 0.01). Group indicated that the FA composition differentiated groups that were mostly fueled by photosynthetic production from the remaining samples (Group Y FA was different from all samples but Group W FA ) and that within the seep, aerobic methanotrophic biomarkers differentiated the grouping, separating those that had the lightest d 13 C. The aerobic methanotrophic biomarkers were present in 38 of the 69 FA samples analyzed, including all six of the sites and community groupings where FA samples were collected. The ubiquitous distribution of aerobic biomarkers supports the prevalence of aerobic methanotrophy throughout these sampling sites. Notably, even the Group Y FA samples, which were collected from Sta. 46 and Sta. 84 and had fauna with a diet of mainly phytoplanktonic origin, also exhibited aerobic methanotrophic biomarker within their tissues.
The individuals that had similar FA signatures were diverse in their taxonomic lineages, and often single (putative) species spanned the FA groups (Fig. 4) . Notably, the cumaceans were present in the group that had the greatest abundance of aerobic methanotrophic biomarkers (Group X FA ) as well Group Z FA . In addition, the cumaceans had the most variable diet of all the species (Fig. 4 ; lower panel). Ophryotrocha platykephale, Ampharetid sp.1, and a variety of gammarid amphipod species were distributed in multiple of the significantly different groupings, indicating that they had divergent diets. Surprisingly, in the four species that were found in the Group Y FA only the nemerteans, which we were not able to identify to species level, were also found in the other FA groupings. While we have included a sheath-forming bacterium, which is not macrofauna sensu stricto, within this FA comparison, its inclusion did not bias the relationship presented and thus we have left it in to identify where sheath-forming bacteria fall within our groupings.
Methane oxidation-By employing a biomass and carbon-based mixing model, one can estimate the amount of methane-derived carbon consumed by the ampharetidbed community on a daily basis. Ampharetid-bed macrofaunal biomass was 201 g C m 22 (Sta. 261) and 273 g C m 22 (Sta. 196) . Estimates for infaunal biomass derived from methane for the ampharetid-bed community were 82-160 g C m 22 and 139-255 g C m 22 methane-derived carbon at Sta. 261 and Sta. 196, respectively. We can then employ the aforementioned respiration rate and respiratory quotient to conservatively estimate that the ampharetidbed community consumed between 29 to 90 mmol C m 22 d 21 fixed by methanotrophic bacteria or Archaea.
Discussion
A novel seep community-The variety of habitats induced by geochemical heterogeneity at methane seeps increases the overall biodiversity on continental margins . Identifying novel seep communities helps not only to characterize diversity, but to provide insight into the underlying mechanisms that drive biodiversity. The N.Z. ampharetid beds formed a distinct seep community on the N.Z. margin. Independent of site or location, those samples that contained abundant ampharetid polychaetes had a distinct assemblage structure due to the ampharetids themselves and to dorvilleid polychaetes; these two taxa typify other seep communities, especially microbial mat communities (Sahling et al. 2002; Bernardino et al. 2012; Levin et al. 2013) . Ampharetids also differentiate seep community structure in other locations (Menot et al. 2010) and are commonly the most abundant infauna at seeps (Bernardino and Smith 2010; Menot et al. 2010; Ritt et al. 2010) . However, in comparison to these other locations the density of fauna within the N.Z. ampharetid beds is far greater (Fig. 5) . If we include mud volcanoes in this comparison, then only Hå kon Mosby Mud Volcano has a denser community (93,000 individuals m 22 ; that community was dominated by gastropods and tanaids; Decker et al. 2012) . Although only the extreme cases of biomass were measured for the ampharetid beds, the community had greater biomass than any heterotrophic community from soft-sediment seeps currently known (Fig. 6) . When looking at similar extreme values from other studies, the next highest heterotrophic biomass sample was a single microbial mat core from Hydrate Ridge that contained 199 g m 22 wet-weight biomass of which 191 g m 22 were Nuculandiae bivalves, a species that is not thought to contain symbionts (Sahling et al. 2002) . With the inclusion of mud volcanoes and symbiont-bearing fauna, greater biomass has been observed than our maximum estimates of biomass, for example at the Napoli Mud Volcano (4.7 kg m 22 ; Ritt et al. 2012; Fig. 6 ) and in the siboglinid fields at the Hå kon Mosby Mud Volcano (1-2 kg m 22 ; Niemann et al. 2006) . Therefore, the ampharetid-bed density and biomass of N.Z. are potentially similar to that of mud volcanoes, and at the upper end of seeps in general. Canyons on the N.Z. margin can exhibit incredibly high benthic biomass driven by terrestrial inputs (1.3 kg megafauna m 22 ; De Leo et al. 2010) ; however, the isotopic and FA composition (this study) from within the ampharetid beds demonstrate that neither surface nor terrestrial productivity of this region drive the high seep infaunal abundance and density.
We hypothesize that the abundant oxygen in the water column (relative to upwelling regions) combined with the bioirrigation of the ampharetids and high fluxes of methane lead to high densities and biomass. In contrast to areas such as Hydrate Ridge, Oregon, and Eel River, California, which occur either within or below oxygen minimum zones and have bottom water concentrations , 0.5 mL L 21 , New Zealand's margin is bathed in water with oxygen concentrations of 4.5 mL L 21 . The type of fauna within a community can provide insight into the role of oxygen in structuring that Table 4 . SIMPER results indicating which FAs characterized or discriminated the groupings identified in Fig. 4 . Values indicate the contribution of the indicated FAs to the percent similarity or dissimilarity of the group. Total similarity or dissimilarity between groups is given in bold. Visualizations of the groupings are displayed in Fig. 4 13 18:1(n-9) 9 Fig. 4 . A 2D representation of the similarity among FA profiles of individuals collected both within and outside of ampharetid beds. Significantly different groupings using the similarity cut off of 59% and an analysis of similarity (ANOSIM) with an a 5 0.05% are indicated by dotted lines. Mean isotopic composition for each group are given. Those FAs that drive the groupings are reported in Table 3 . While the upper and lower panels are displaying the same MDS, the upper figure indicates the sites that the species were collected from and the lower panel indicates the species of the individual that was analyzed to provide each FA profile.
community. In N.Z. ampharetid beds, the abundance of peracarid crustaceans, including gammarid amphipods and cumaceans, taxa that are less common in areas with low oxygen (Levin 2003) , suggested that oxygen stress was not a driver of the community or was ameliorated through an additional mechanism. These two taxa reached maximum densities of 25,000 individuals m 22 and 23,000 individuals m 22 , respectively, in N.Z. (Table 3) . Only a few ampeliscid amphipods were present; this group is sometimes abundant at the lower limit of oxygen minimum zones (Levin 2003) . The dense community at the Hå kon Mosby Mud Volcano is also overlain by well-oxygenated water, providing further support to the idea that overlying oxygen can be a determining factor in the density of reducing habitat fauna as the Hå kon Mosby Mud Volcano has the greatest density of seep fauna currently known.
If we compare the vertical distribution of N.Z. ampharetid-bed fauna with other habitats, we can gain insight into the potential role that bioirrigation may play. Only 8% of the macrofauna that live in microbial mats at Eel River (off California, U.S.A.) live below top 2 cm of the sediment; a distribution thought to be caused by the high (. 1 mmol L 21 ) levels of sulfide in the sediment immediately below the sediment surface. This high level of sulfide is caused by the persistent methane flux which is greater in microbial mats compared to Eel River clam beds (Levin et al. 2003) . Similar to clam beds at Eel River that have 29% of their macrofaunal community below 2 cm (Levin et al. 2003) , N.Z. ampharetid beds had 26% of their fauna below 2 cm (Fig. 3) . At Eel River this deeper distribution of fauna was thought, in part, to be a result of bioirrigation of the clams that reduced sulfide concentration. Unlike Eel River clam beds which have reduced fluid emission compared to microbial mats (Levin et al. 2003) , ampharetid beds had the highest methane flux measured on the N.Z. margin , further distinguishing the ampharetid-bed community structure and biogeochemistry from known habitats. The identity of the fauna found below the sediment surface provided additional evidence that bioirrigation was an important factor in driving the sediment community. Only bivalves and the dorvilleid family of polychaetes are found in abundance at sulfide concentrations . 1 mmol L 21 (Levin 2005; Levin et al. 2013 ). Yet amphipods, cumaceans, and ampharetid and spionid polychaetes were all found . 5 cm below the sediment surface in the ampharetid beds. In the only core that has data currently available, sulfide within the ampharetid beds reached near 1 mmol L 21 within the top centimeter and after dropping to near 0 mmol L 21 increased to 3 mmol L 21 at 4 cm sediment depth (Dale et al. 2010) . These sulfide values are much greater than we would expect to be tolerated by the fauna that we found occurring at those sediment depths unless sulfide and oxygen stress were mitigated.
In addition to affecting the distribution of metazoan fauna, bioirrigation and bioturbation can have profound effects on microbial sediment processes (Neilsen et al. 2004 ) and lead to increased food resources for metazoan fauna (Reichardt 1988) . This role of bioirrigation in seep sediments is best known for clam beds where the clams stimulate sulfate reduction (Wallman et al. 1997 ) but in shallower sediments the distribution of oxygen and nitrate (Reichardt 1988) in addition to sulfate (Bertics and Ziebis 2010) are affected by bioturbation and bioirrigation. Shallow-water macrofauna use bioirrigation to cultivate bacteria within their burrow walls, leading to increased carbon fixation through hypothesized nitrogen-based chemoautotrophic production (Reichardt 1988) . Although ampharetids form tubes rather than burrows, the role of the increased surface area caused by their tubes may favor aerobic processes, especially in light of the high watercolumn oxygen content. Thus, in addition to affecting the metazoan community distribution, the N.Z. macrofauna likely affect the microbial community type and distribution within the sediment. In non-seep sediments, dense assemblages of sipunculans (Graf 1989 ) and large tubebuilding maldanid polychaetes (Levin et al. 1997 ) are recognized as keystone resource modifiers-stimulating microbial activity and enhancing densities of other macrofauna deep in the sediment. These taxa become facilitators through downward transport of organic matter and oxygen, whereas the ampharetids may stimulate activity by conducting methane upward and oxygen downward.
Aerobic methanotrophy-Three separate approaches all yielded similar estimates of carbon demand for ampharetid-bed macrofauna. Our conservative species-specific mixing model projected minimum daily methanotroph carbon consumed by these infaunal communities to be 29 or 46 mmol C m 22 d 21 . Using a numerical-modeling approach based on sediment geochemical analysis of a single sample, Dale et al. (2010) estimated that the ampharetids within ampharetid beds used 23.2 mmol carbon m 22 d 21 from sources other than surface production or sulfide-oxidizing bacteria. By scaling up respiration based on density rather than biomass, Sommer et al. (2010) estimated that the oxygen requirements of the ampharetidbed macrofauna was 30.8 mmol O 2 m 22 d 21 . In addition, in situ respiration chambers measured a maximum sediment community total oxygen utilization rate for ampharetid beds of 117 mmol m 22 d 21 ( Fig. 7 ; Sommer et al. 2010) which is sufficient to cover the estimated or modeled carbon utilization rate from each of these approaches. Our estimates were based on the second (Sta. 261) and third (Sta. 196) most dense samples of ampharetid beds within this study as only those samples provided enough isotopic data to estimate the total methane consumed using our Levin et al. 2003 Levin et al. , 2006 3 Levin and Mendoza 2007; 4 Dando et al. 1994; 5 Davis and Spies 1980; 6 Menot et al. 2010; 7 Ritt et al. 2010; 8 Bernardino and Smith 2010; 9 Ritt et al. 2012; 10 Decker et al. 2012. mixing-model approach (Table 1) . While analyzing only two samples limits our ability to apply our findings to all ampharetid beds, as we cannot quantify the variance among ampharetid beds, the approximate agreement of our estimates with the approaches of Dale et al. (2010) and Sommer et al. (2010) , suggests that our estimates probably do characterize the ampharetid-bed community carbon requirements.
Each of the estimates of ampharetid-bed oxygen and carbon requirement indicate that the rate of anaerobic methane oxidation measured (17 mmol C m 22 d 21 ; Sommer et al. 2010) was insufficient to cover the demand of this macrofaunal community. The anaerobic methane-oxidizing consortia growth rate was only 0.1 mmol C m 22 d 21 ( Fig. 7 ; Sommer et al. 2010 ), but to support the metazoan community through anaerobic methanotrophy, the entire anaerobic methane-oxidizing (AOM) population would have to double twice a day, an estimate that is 290 times greater than the observed growth rate. Although sulfatereducer biomarkers were present in macrofaunal tissue, providing indications that part of the AOM consortia might be consumed, anaerobic processes were not sufficient to supply the observed methane-derived carbon requirements of macrofaunal biomass within the ampharetid beds.
Biomarkers provided support for aerobic methane oxidation as the main source of nutrition for the ampharetid-bed community. The FAs present within this community included both 16:1(n-6) and 16:1(n-8) that are found in Type I aerobic methanotrophs (Bowman et al. 1991) . In addition, 16:1(n-8) helped to discriminate among the FA groupings, matching the lightest carbon isotopic signature that was found in Group X FA (Fig. 4) . Groups W FA and Z FA of the FA analysis had a diversity of biomarkers present, indicating that they were fed by a combination of seep bacteria including sulfide oxidizers, sulfate reducers, and aerobic methanotrophs. While the sum of (n-5) FAs has been indicative of archivory in other systems , in the ampharetid beds its concentration did not match to isotopic values that would be indicative of methanotroph consumption. The concentration of aerobic methanotrophic biomarkers also differentiated Group X FA from the other three groups; many of the individuals analyzed had these biomarkers, just not to the same high degree as those individuals whose FA profile resulted in their inclusion in Group X FA . The clear reliance on methane-based biomass from the isotopic analysis combined with the abundance of aerobic methanotrophic biomarkers suggest that members of the ampharetid-bed community consume predominantly aerobic methanotrophs, but the diversity of other biomarkers indicate that this community is not composed of species that are aerobic methanotroph specialists. Both modeling (Dale et al. 2010) and benthic-chamber respiration rates identified missing carbon which they hypothesized could be filled by aerobic methanotrophy; this study is the first to provide conclusive evidence that this community was fueled by aerobic methanotrophy.
Of special note, ampharetids were not the only group that consumed aerobic methanotrophic biomass; the greatest amount of the aerobic methanotrophic biomarkers were found within orbiniid polychaetes, cumaceans, and a species of amphipod (see Table 5 ). The cumaceans were of particular interest, as the same species was present in multiple FA groups (including X FA and Y FA ), meaning that the patterns we see are not simply the result of different FA syntheses and degradation patterns. Benthic consumers can synthesize a diversity of FAs, including a large proportion of their FA profile, thus presenting a great challenge in interpreting FA results (Kelly and Scheibling 2012) . However, the ability to synthesize certain FAs is thought to follow taxonomic lineages (Bergé and Barnathan 2005) and having polychaetes and a diversity of arthropods, each belonging to all of the FA identified diet groupings (Fig. 4) , provides support that our results are not simply the results of differential de novo synthesis by different species.
It is possible that the ampharetids facilitate transfer of this chemosynthetic energy to the rest of the fauna, including the cumaceans, present within the beds, in a form of ''trophic engineering.'' It remains unknown whether the underlying geological forcing favors aerobic processes due to high methane flux rates that exceed the capacity of anaerobic processes or whether the bioirrigation of the ampharetids drives the unexpected high aerobic methane oxidation rate.
Methane flux-The aerobic methanotroph-fueled ampharetid community co-occurred with the highest measures of methane flux reported to date. The methane flux, which reached a maximum of 264 mmol CH 4 m 22 d 21 , is more than double any measured methane emission currently known from seeps . While this methane provided sufficient methane reactants to support the microbial growth used by the metazoan community (Fig. 7) , this unique confluence of methane emission and aerobic methanotroph-fueled biomass raises the question of whether the consumption of these methanotrophs by ampharetids caused the increased methane release, either through top-down forcing on the aerobic methanotrophs themselves or by ampharetid tubes acting as conduits that, combined with bioirrigation, facilitate methane release from sediments into the water column.
Although the importance of aerobic methanotrophs in the methane cycle is not unique to N.Z. ampharetid beds, a dense metazoan community that consumes it is currently unique. In a recent study, . 40% of the microbial community within a hydrocarbon seep microbial mat at Coal Point (off California) was composed of aerobic methanotrophs, which had the same (n-6) and (n-8) biomarkers observed here (Ding and Valentine 2008) . At Hå kon Mosby Mud Volcano (Barents Sea), another welloxygenated seep setting, nematodes consumed aerobic methanotrophic production (Van Gaever et al. 2009 ), yet only 1-3% of methane is oxidized aerobically at this seep site in contrast to 37% of methane being oxidized by anaerobic processes (Niemann et al. 2006; Reeburg 2007) . In rice paddies, aerobic methanotrophs are preferentially grazed upon by protists (Murase and Frenzel 2007 ). Yet the incorporation of aerobic methanotrophic biomass by an entire community of metazoan fauna is heretofore novel. How consumption of aerobic methanotrophs affects the biogeochemical cycling and methane emission at each of these locations remains unknown. The N.Z. ampharetid beds, due to their increased methane emission, present an ideal system to study whether infauna consume the sediment filter and thus enhance the release of methane into the overlying water column and potentially the atmosphere. sorting of infauna and processing of isotope samples in the laboratory. Funding was provided by the Sidney E. Frank Foundation, Scripps Institution of Oceanography Graduate Office, Michael M. Mullin Memorial Fellowship, and the United States National Oceanic and Atmospheric Administration, Office of Exploration Grants NA17RJ1231 and NA050AR417076, United States National Science Foundation Grants OCE-0425317 and OCE-0826254, New Zealand Institute of Water and Atmospheric Research Capability Fund project CRFH073, and a University of California Academic Senate grant to L.A.L. and W. Gerwick. The Federal Ministry of Education and Research, Germany (grants 03Go600D and 03Go191A) provided R/V Sonne and additional grants for geochemical work. This Fig. 7 . Macrofaunal methane demand from two ampharetid beds in comparison to the total oxygen utilization, standing stock of anaerobic oxidation of methane (Note: growth rate was 0.1 mmol C m 22 d 21 ), and maximum methane emission from ampharetid-bed communities. White bar indicates minimum estimate and the white bar plus the black bar indicates maximum conservative estimate. Total carbon utilization was calculated from total oxygen utilization from Sommer et al. (2010) using the respiratory quotient from Smith (1987) .
